Negative ion photoelectron spectra of Sn; , SnPb -, and Pb; are presented for electron binding energies up to 3.35 eV. Bach spectrum exhibits multiple electronic bands, most of which contain resolved vibrational structure. Franck-Condon analyses yield spectroscopic parameters (r,, w,, and T, ) for the anion ground states and the neutral excited states. Adiabatic electron affinities are determined to be: EA (Sn, ) = 1.962 +. 0.010 eV, EA (Pb, ) = 1.366 + 0.010 eV, and EA (SnPb) = 1.569 + 0.008 eV. The anion dissociation energies Do (Sn; ) and D,, (Pb; ) are derived from the electron affinities and the neutral dissociation energies. For SnPb -, the dissociation energy difference D, ( SnPb -) -D, ( SnPb) is precisely measured. Based on the present data, previous experiments and ab initio calculations, we assign most of the observed bands to the corresponding neutral low-lying electronic states.
I. INTRODUCTION
The group IV heavy metal dimers Sn, and Pb, have attracted extensive attention due to their interesting electronic properties and potential practical applications. ' These dimers have four s and four p valence electrons, and bonding in these molecules mainly arises from openp shells. In addition, spin-orbit effects are expected to be important for these heavy diatomic systems. Abundant spectroscopic data on Sn, and Pb, have been obtained from various studies; however, the available information concerning the lowlying electronic excited states, anionic electronic ground states, and the nature of the metal-metal bond of these dimers is far from complete.
In previous experimental studies of Sn, and Pb, by Bondybey and co-workers, 2-7 Nixon and co-workers,a79 and several other groups," electronic spectra of Sn, and Pb, were obtained both using matrix isolation and in the gas phase. The ground states for both Sn, and Pb, have been determined' to be X 3X; (0: ) . The strongest absorption transition for Sn, has been ascribed' to the C(O,+ )-X(0,+ ) system at 18 223 cm-'. In addition, an emission system in the 12 00-14 000 cm -' region was interpreted as terminating in a state 3000-5000 cm -' above the ground state. No other Sn, states have been observed below 2 eV, although several low-lying electronic states are expected' to exist in this region. The Sn, dissociation energy was determined to be 15 330 + 25 cm -' ( 1.901 + 0.003 eV) using laser-induced fluorescence spectroscopy.' Spectroscopic studies of Pb, show at least six excited electronic states within 20 Ooo cm -* of the ground state.3 Two transitions, C( 0: )-X( 0: ) and F( 0: )-X( Og ' ) , are found to dominate the emission and absorption spectra. All observed excited states lie more than 12 000 cm -' above the ground state, except for state A which lies ~5500 cm-' above the ground state. 3 The best value for the Pb, dissociation energy, 0.86 f 0.01 eV, was measured utilizing mass spectrometric studies of high temperature equilibria. " Sn, and Pb2 have been investigated theoretically at a variety of levels. Balasubramanian and Pitzer12 carried out self-consistent-field (SCF) and relativistic configuration interaction (RCI) calculations. The calculations include spin-orbit coupling, and predict the properties of 10 of the low-lying electronic states of Sn, and Pb, within 10 000 cm -' (Sn, ) and 16 000 cm -' (Pb, ) of the ground state. Their work was a pioneering study, because it was the first detailed quantum chemical treatment of relativistic effects for systems containing more than one heavy atom. However, most of the predicted low-lying states have not been observed experimentally prior to this work. Pacchioni13 calculated the properties of the low-lying electronic states of Sn, and Pb, using semiempirical pseudopotentials and a multireference configuration interaction (MRDCI) method. Recently, Andzelm et aLI4 calculated the spectroscopic constants of the ground and excited states of group IV dimers (Si, , Ge,, Sn, , SiGe, SiSn, and GeSn) with the local-spindensity (LSD) model potential method. Their results provide comparison between homonuclear and heteronuclear dimers. To our knowledge, no experimental or theoretical investigations have been performed on SnPb -or SnPb.
A major advantage of negative ion photoelectron spectroscopy over optical spectroscopy for metal cluster studies is that the transition selection rules are less restrictive,15.'6 and most of the neutral low-lying electronic states are directly accessible from the corresponding anion ground state. Studies of Sn, and Pb, using laser photoelectron spectroscopy can essentially map out the low-lying electronic states of these species. Recently, Gantet'Zr et al." reported photoelectron spectra of Sn; and Pb; (n = 2-20) . Their principal results were determination of the electron affinities for Sn, and Pb, as a function of cluster size. However, they provided no detailed assignments of the electronic states for the metal dimers (Sn, and Pb, ) .
In this work, we present the 35 1 nm photoelectron spectra of Sn; , Pb; , and SnPb -. All three spectra show seven to eight neutral electronic bands, most of which are vibrationally resolved. Most of the low-lying electronic states have not been observed previously. We assign the ground states and determine bond lengths and vibrational frequencies for the anions. For the neutral dimers, molecular constants (w,, r;,, and T, ) are obtained for most of the low-lying electronic states, and the adiabatic electron affinities are precisely measured. Combining previous experimental results and ab initio calculations on Sn, and Pb, with our data, we make plausible assignments for the electronic terms of each band.
II. EXPERIMENTAL METHODS
The negative ion photoelectron spectrometer's~'8 and metal cluster anion source19*20 have been described in detail previously. Briefly, metal cluster anions are produced in a flowing afterglow ion source by cathodic sputtering with a dc discharge. The cathode is fabricated from high purity tin, lead, or a 1: 1 tin-lead alloy to produce the corresponding metal dimer anions. The cathode is cylindrical, 1 cm in diam and 4 cm in length. A mixture of argon (5-IO % ) in helium flows over the metal cathode at a flow tube pressure of 0.4 Torr. The cathode is negatively biased at 2-2.5 kV with respect to the grounded flow tube, producing a 5-10 mA discharge. Cluster ions are produced from sputtering of the metal cathode by Ar + and other cations, possibly followed by further clustering in the discharge plasma. Since approximately 10-20 W are dissipated at the metal cathode, a water cooling system is necessary to keep the cathode near room temperature and prevent it from melting. Cooling water flows through the metal cathode support via tubing in the electrical feedthrough, and also through tubing surrounding the flow tube. The gas composition, flow rate, and dc voltage are adjusted to optimize the cluster anion yields.
Ion beams of all three species are relatively easy to produce with the cathode discharge ion source. Although optimal ion yields are obtained using the appropriate cathode, one can generate sufficient quantities of all three dimer anions using only the tin-lead alloy cathode. Typical ion currents are 30 pA (Sn; and SnPb -) and 20 pA ( Pb2-). Other small bare metal or bimetal clusters, such as trimers and tetramers, can also be produced with this ion source. Unlike the transition metal clusters produced with the same type of ion source, the tin and lead ion sources are insensitive to minor residual oxygen in the system. After being extracted from the flow tube into a low pressure region, the anions are focused into a beam and mass selected by a Wien filter. The mass selected ion beam is further focused and then sent into the interaction region, where the 40 eV ion beam is crossed by a cw argon ion laser beam with 35 1.1 nm wavelength (3.53 1 eV). Photoelectrons ejected into an acceptance cone of 5" half angle are collected perpendicularly to the ion and laser beam plane, and kinetic energies are measured in a hemispherical electrostatic energy analyzer.15 The transition energies between the anions and the corresponding neutral species are determined from the difference between the photon energy (hv) and the measured photoelectron kinetic energy (eKE) .
We calibrate the electron kinetic energy scale using the photoelectron spectrum of 0 -. The absolute kinetic energy is calibrated against the precisely known oxygen atomic electron affinity. 2' Spectra are also corrected for an energy scale compression factor," which is calibrated on the known energy level spacings of the tungsten atom.22 The instrumental resolution function of the photoelectron spectrometer is determined by observing the shapes of atomic transitions, and can be approximated by a Gaussian with an 8-10 meV FWHM. The experimental uncertainty of the absolute electron kinetic energy of well-resolved peaks is f 0.006 eV.
Since the direction of the ejected electron detection is fixed, the angle between the electron detection and the electric field of the laser light can be conveniently changed by rotating a ;1/2 waveplate. 23 The photoelectron angular distribution is then determined by measuring the relative intensities as a function of the laser polarization direction. The angular distribution of the photoelectron intensity obtained with linearly polarized light is given by24
(1) where 8 is the angle between the laser electric field and the direction of electron detection, (T is the total photodetachment cross section, and fl is the asymmetry parameter which varies from -1 to 2. The photoelectron spectra in Fig. 1 are taken at the "magic" angle of f3 = 54.7", which gives intensities proportional to the total photodetachment cross section.
Ill. RESULTS AND ANALYSIS
A. Photoelectron spectra
The photoelectron spectra of Sn; , SnPb -, and Pb; are shown in Fig. 1 . The photoelectron intensity is plotted as a function of the electron binding energy (eBE = hv -eKE), in the range 1.2-3.4 eV. No transitions are observed below 1.2 eV. The three spectra are very similar, and all exhibit numerous electronic bands which correspond to the lowlying electronic states of the neutral dimers. Seven or eight primary electronic bands are observed; they are labeled a-g or h in Fig. 1 . Among those bands, a, h, and f are broad and relatively weak, and c and d (and g in Sn; ) are narrow and strong. Given the thermal ion source ( T = 300-400 K) , we expect only the lowest anion electronic state to be significantly populated. Accordingly, all of the electronic transitions in the spectra are assigned as originating from the anion electronic ground state. The energy of band a is lowest and is assigned to the ground state of the neutral dimers.
The spectra show vibrational structure for most of the electronic bands of the three dimers. Because the anions are vibrationally excited, the anion vibrational temperatures ( Tvib ) can be estimated from the intensity of the vibrational hot bands. Franck-Condon analyses of the Sn; , Pb; , and SnPb -spectra indicate a Tvib of 350 + 50 K for Sn; and Pb; , and 450 + 50 K for SnPb -. The rotational temperature is usually lower than the vibrational temperature, since rotational relaxation by collisions with the buffer gas in the Ho, Polak, flow tube is more efficient than vibrational relaxation.'8725 Because of the low rotational temperatures and the small rotational constants for these heavy metal dimers, the contribution of rotational broadening to the line shapes is negligible.
B. Franck-Condon analyses 7. sn, The Sn; spectrum in Fig. 1 (a) contains eight electronic transitions. Although bands a and b are not obviously distinguishable, there are several reasons for our assignment of the feature to two bands. First, the Pb; and SnPb-spectra clearly show two broad bands a and b in the corresponding regions. Second, band fin Sn, and bands a, b, and fin the Pb; spectrum all show normal Franck-Condon profiles. However, after subtracting band c, the residual Sn; spectrum exhibits a profile which is either ( 1) a single badly perturbed progression or (2) two normal overlapping progressions. Third, the assignment of a and b as two bands is consistent with the theoretical prediction'* that the two lowest electronic states of Sn, are spin-orbit states 32; (0," ) and 32; (l,), with a splitting of 340 cm-'. All of these observations argue that a and b represent two different progressions in the Sn; spectrum.
The molecular constants of the electronic transitions were obtained from a Franck-Condon analysis. FranckCondon factors are computed by numerical integration of the overlap between the anion and neutral Morse oscillator wave functions; the details have been described previousl~.*'**~ Bands d and f were analyzed first because these bands are better separated than bands a and b. We fit both the Sn; and Sn, constants simultaneously, as molecular constants for either state have not been determined. The Franck-Condon simulations of bands d and f extract the electron binding energies of the transition origins, and the vibrational frequencies of the anion and neutral. The anion vibrational temperature, 350 +: 50 K, is consistent with measurements for other metal dimers produced in the same source.19920 Band d exhibits a short vibrational progression; therefore, only the magnitude of the geometry change can be determined by the Franck-Condon analysis. For band f, the direction of geometry change can be determined, owing to the observation of a large number of hot bands and a relatively long vibrational progression. The expanded spectrum of band f and the optimized fit are shown in Fig obtained above, band c can now be modeled and the neutral molecular constants determined. The simulations of bands a and b are simplified once the anion constants (wr, w,x:, and TV, ) have been obtained from the analysis of bands c, d, and f. The simulated c band is first subtracted from the experimental spectrum, and then the residual spectrum is fitted to the sum of the a and b simulation spectra. For band a, molecular constants (r,, w,, and WJ,) of the ground state are well known from high resolution optical spectroscopy.' In the simulation, the vibrational origin, the neutral vibrational frequency, and the bond length change are allowed to vary, while the other constants are constrained at previously determined values. Although several origin assignments were attempted, only one choice yielded both a satisfactory fit and vibrational temperature (350 f 50 K). Shifting the origin one vibrational quantum in either direction resulted in a Tvib of 530 or 200 K, respectively, ruling out these origin assignments. The simulation yields the neutral vibrational frequency of 186 & 15 cm -', consistent with the previous optical value of 189.74 cm -' for the Sn, ground state.4 This simulation determines the electron affinity, EA (Sn, > = 1.962 f 0.010 eV. The determination of the geometry change for band a is less accurate than for the previous bands because of the overlap of bands a and b. In the simulation, varying Ar, over a range of f 0.006 A does not greatly degrade the quality of the fit, as the change can be partially compensated for by adjusting the intensity of the origin transition.
The band b analysis also presents difficulties, due to the overlap of the bands a and b. In the simulation, different vibrational origins are attempted; the parameters, r; and w:, are assumed to be similar to those of band a since they are a pair of spin-orbit states with a small splitting, and are only allowed to vary slightly from the values for band a. The simulation determines the origin position, and yields r; and w:. Although we believe that the present assignment is correct, we cannot absolutely exclude other assignments, such as shifting the origin one quantum up or down from the present position. Accordingly, we give an error bar for the term energy of band b that accounts for several possible origin assignments.
Using the r: obtained from the analysis of band a, we can determine the neutral bond lengths for b, c, d, and f, and analyze band g in the same manner as for bands c and d. Band e contains a single vibrational peak, so only the peak position is given. Band h appears on the right shoulder of band g, and a preliminary Franck-Condon simulation was performed on this band. The results of all of the FranckCondon analyses are summarized in Table I. 2. Pbg and SnPbThe Pb; spectrum in Fig. 1 (c) shows seven bands. The first five bands (a-f) are the strongest and are also vibrationally resolved. Band f is labeled ahead of band e for easy comparison among the three spectra. The procedure of the Franck-Condon analysis is nearly the same as for Sn, . Starting with bands b and c, the Franck-Condon simulation extracts molecular constants (Sr, = r; -t-J', w:, and w: ), and determines the electron binding energies of the transition origins and the anion vibrational temperature (350 + 50 K). Using the anion molecular constants, we then simulate band a. The molecular constants of the Pb, ground state are well known from optical spectroscopy.' Fixing all the known parameters, the simulation generates r: and w,x:, and determines the electron affinity, EA(Pb,) = 1.366 f 0.010 eV. Using the anion molecular parameters just obtained, we can analyze bands d and f, and determine the neutral bond lengths of b, c, d, and f. The direction of the geometry change is determined unambiguously for band c, but not for band d. We assume bands c and d have the same direction of geometry change because they involve detachment from the same molecular orbital, as is explained in Sec. IV. The expanded spectrum of bands b and c, and their simulations are displayed in Fig. 3 .
There are two weak transitions e and g in the high energy region. The transmission function of the electron analyzer declines rapidly above 3.2 eV binding energy (low electron kinetic energies), and both the sensitivity and resolution decrease. The intensity and band shape of band g are likely to be affected by this decline. The right shoulder of band g might be attributable to an additional electronic state. Except for the measurement of the band positions, no detailed analyses were attempted for bands e and g. The results of the analysis are summarized in Table II . The SnPb -spectrum in Fig. 1 (b) is similar to its homonuclear congeners. However, the separation of bands c and d is substantially greater. The procedure of the FranckCondon simulation is nearly the same as above. We analyze band b first to extract the anion vibrational frequency and temperature which is determined to be 450 f 50 K. Again, we cannot determine the direction of the bond length changes for the sharp bands, c, d, and g, from the FranckCondon analysis. The electron affinity is determined to be EA(SnPb) = 1.699 f 0.008 eV. The other constants are listed in Table III. C. Angular distribution measurements
The measurements of the angular distributions were performed by taking the full spectra at 0 = 0" and 0 = go", and normalizing to the integration time, ion current, and laser power. To determine p accurately for a single peak, the angular dependence of the largest peak in each spectrum was carefully measured in lo" increments, and the observed intensities were fit to Eq. (1). This accurately determined fi was then used to properly scale the 0 = 0" and 0 = 90" spectra with respect to one another.
The results of the angular distribution measurements, given in Tables I-III, show that the broad bands (a, b, and f) and the sharp bands (c, d, and g) have different angular dependencies on eKE. Specifically, fl decreases from positive to negative as one proceeds through the broad bands, a, b, and f, while p is always positive and increases as one proceeds through the sharp bands, c, d, and g. This difference can be attributed to the removal of an electron from different molecular orbitals. Band e in Sn; or SnPb -shows a single vibrational peak and an angular dependence which does not fit into either category. The shape and fl of band h in Sn; behaves like the other broad bands. The angular distributions provide insight into the nature of the photodetachment processes, and aid in assigning the individual electronic bands, as we will discuss in Sec. IV. The heavy group IV dimers share several common characteristics. The three spectra are remarkably similar, all exhibiting a small number of discernible low-lying electronic bands. This reflects the simple valence electron configuration of the constituent atoms. Each atom has a 5?5p* or 6.?6p2 configuration, and contributes two p valence electrons for bonding. The interactions among thesep electrons are expected to dominate the bonding and electronic structure in the dimers. Except for the large difference in relativistic effects,27 the basic interactions of thep atomic orbitals are similar for tin and lead. For heavy-atom molecules, such as Sn, and Pb, , a simple spin (S)-orbital angular momentum (A) coupling scheme is not a good description of electronic states, since the good electronic quantum number is R = A + S. Because the A-S coupling scheme provides a good intuitive picture for the dominant electronic configurations, we still use the A-S labeling or the combined labeling schemeZS+'A(0) [e.g.,311,(1U)].Afterremovaloftheg and u subscripts, we obtain the states corresponding to SnPb, such as 'lI( 1).
The ground states of Sn, and Pb,, well characterized by high resolution optical spectroscopy,' are 3X; (0,' ) with the valence molecular orbital configuration lo : lo : 1 rr ', 20 i (or 14 20 : ) . These states correlate to the lowest dissociation asymptote: 3Po + 3Po. By analogy, the SnPb ground state is tentatively assigned to X 38 -(0 + ) with the configuration, lti3a *. The two likely MO configurations for the anion ground state are 1 dU 2a : or 1 n: 2a : for Sn; and Pb; ( 1 n33a * or 17r43a ' for SnPb -) . We indicated earlier that band a arises from the anion to neutral ground state transition for Sn, and Pb, . If we assume further that the photodetachment transition involves only a simple oneelectron process, then 1du2a : is the most likely configuration of the anion ground state. This last assumption is likely valid for a strong transition, such as that giving rise to band a, because single electron processes (i.e., detachment with no additional electron reorganization) give rise to the strongest photoelectron transitions.28 The configuration 2a i ldU can only form a 211U state, and the spin-orbit interaction splits it into two components: *IIU ( l/2) and *II,, (3/2). The *lIU (3/2) state is the favored ground state in terms of Hund's rule. Therefore, we assign the ground state *I&, (3/2) to Sn; and Pb; , and *Il(3/2) to SnPb -.
All of the observed strong transitions should arise from detachment of an electron from either the l%-, or 20~ orbital. Detaching a ?T, electron produces 'XT (0:) 1, ), 'Ag (2, ), and '2: (0: ) states; detaching a as electron generates 311u (0: ,O; ,1 u ,2, ) and 'II, ( 1 u ) states. The possible electronic states are listed in Table IV. B. Photoelectron angular distributions
The angular distribution measurements provide additional information about the molecular orbitals. The asymmetry parameter /? for photoelectron emission is a function of both the symmetry of the orbital from which the electron is detached and the electron kinetic energy.24 Early negative ion photoelectron studies showed29p30 that /3 is 2 and independent of eKE for s-electron detachment from H -and atomic alkali metal anions. For photoelectrons ejected from a p orbital, the angular distribution at threshold is nearly (V),, CM), isotropic. As the electron kinetic energy increases to around 1 eV above threshold, p decreases to z -1 (a sin' 0 distribution). From this point it increases toward fiz 2 (a cos2 19 distribution) as eKE increases. The dependence of the asymmetry parameters for p-electron detachment on eKE has been verified in several investigations, including recent studies on 0 -by Hanstorp et ~1.~' and halogen atomic anions by Radojevic et a1.,32 and measurements in this laboratory of the halogen atomic anions33 and Bi -.34 anion dissociation energy is almost twice as large as for the neutral dimer; however, the bond order only increases from 1 to 1.5, assuming thatpug is a nonbonding orbital. Ab initio calculations show' that the anomalously small dissociation energy of Pb, is the result of spin-orbit interactions, a relativistic effect.
For diatomics, the eKE dependence offi is significantly more complex than that for atoms. Only a qualitative explanation is given in this work. The photoelectron spectra of the metal dimers involve electronic transitions with either pug or pn, electron detachment, and the angular distributions are expected to be different for these two processes. Our measurements show that the observed energy dependence of /? for the relatively broad bands (a, b, and f) is very similar to atomic p-electron detachment. This implies that these electronic bands arise from p-like detachment. We have also found that the asymmetry parameters in the photoelectron spectra of Bi -(p detachment) and Bi; (pn detachment) show similar eKE-dependent behavior.34 Given that band a is already assigned to the ground state transition with a pr electron detachment, we can tentatively conclude that bands a, b, and f arise from pz-electron detachment, and can be assigned to states with a (T i dU configuration (see Table IV ). The pattern for bands c, d, and g is different from the former one (more s-like), suggesting that these bands arise frompo, electron detachment, and can be assigned to states with (T j?U configuration. The difference in the angular distributions between the pa, and PIT,, electron emissions can be explained qualitatively. Mixing of the pa, and su, orbitals is expected to be important for heavy systems,35 and this effect could contribute to the partial s character of thepa, orbital. The data demonstrate that the measurement of angular distributions is a sensitive method of probing the molecular orbitals of metal dimers.
Recently, Wang et al. 36 have reported the photoelectron spectra of heavy group IV-VI neutral diatomics. The ground state of the cations (SnSe +, SnTe +, PbTe +, and PbTe + ) was deduced to be 2113,2 ; we find the same ground state for the isoelectronic group IV dimer anions. In addition, Wang et ~1.~~ found that the spectra for all four diatomic species exhibited both broad and very narrow electronic band structure. They provided an explanation of the spectra that is similar to ours: the sharp, strong bands arise from removal of electrons from the nonbonding or weakly bonding 3a orbital, and the broad bands arise from removal from the strongly bonding ~orbital. While the situations are similar for both experiments, the angular distribution measurements in this work provide additional experimental evidence to support the conclusions of Wang et al. C. Sn, and Pb, assignments The results of the angular distribution measurements combined with the Franck-Condon analyses show that small geometry changes result from the 2a, electron detachment and large geometry changes arise from 17~~ electron detachment. We thus conclude that 2crs (or 3~) is a weakly bonding or nonbonding orbital, and lrr, is a strongly bonding orbital. According to simple MO arguments, 2~7, is expected to be a bonding orbital formed from thep, orbitals along the internuclear axis; lrr, is another bonding orbital formed from thep, andp,, orbitals of the two atoms. A Mulliken population analysis by Andzelm et aLi predicts that the 2as (30 in heteronuclear diatomics) orbitals in the group IV diatomics (Si,, Ge,, Sn,, SiGe, SiSn, GeSn) are essentially nonbonding, but the authors gave no further explanation. Mixing of thepo, orbital with the scs orbital, for which the angular distributions provide evidence, could considerably reduce the electron density between the two nuclei, consequently reducing the bonding character of the pa, orbital.3' Our data show that the dissociation energies increase considerably upon adding an electron to the P,, orbital. Therefore, the pr orbitals appear to dominate the metal bonding for the tin and lead dimers. In the case of Pb, , the Since none of the electronically excited states in the photoelectron spectra has been previously observed, ab initio calculations are extremely important to the assignments. With the aid of Balasubramanian and Pitzer's12 calculations of the molecular constants of the low-lying electronic states, we can assign most of the bands in the Sn; and Pb; spectra. For Snz, the assignments are listed in Table V . Band a is assigned to the ground state X 'XL (08+ ). The band shapes and angular distribution measurements suggest that bands a, b, and f have the same g symmetry ( rTT, detachments), and bands c, d, and g have the same II symmetry (og detachments) . Except for band b, the energy levels of most of the excited states are systematically overestimated by the calculations. Band b is labeled as A, consistent with the identically labeled band of Pb, . The term energy for A 3E; ( 1, ) is not accurately determined in this work because of the uncertain origin assignment. Bands c and d are assigned to the 311U (2, ) and 311U ( 1, ) states. Based on the similarities of bands c and d in the Sn; and Pb; spectra, the bond lengths of the neutral states (c and d) for Sn, are assumed to be smaller than that of the anion ground state, as is true for Pb, . Band f is assigned to 'A, ( 2, ) . A state lying 3000-5000 cm -' above the ground state was detected in optical emission spectra.* The most favorable candidate is 2, because it is the only state lying (3495 cm-') within the predicted energy range.
The assignments of the remaining three bands are less certain. Band e shows only a single vibrational peak, unlike either the broad or the sharp bands. Comparison with ab initio calculations suggests an assignment of either 311U (0; ) or 311U (0,' ). However, this assignment is not consistent with the angular distribution measurement because /3 for band e is considerably smaller than the p's for the other sharp bands (c, d, and g). Another possible assignment for band e is '2: (0,' ) with a 7rz configuration; the transition 'rc value is determined by assuming the minus sign for the corresponding r, in Table I . ' The data are from Ref. 8. would then arise from a two-electron process in which a a* electron is detached and another a* electron is promoted to the YT, orbital. The weak integrated intensity ofband e might imply that it results from a two-electron process. Thus, no assignment is attempted for band e. Band g is tentatively assigned to 'iIu ( 1, ) based on ab initio calculations, and the geometry change for this band is assumed in the same manner as for bands c and d. A likely assignment for band h is 'Hz (0,' ); weak intensity and overlap with band g render determination of the transition origin for band h difficult. The molecular constants from previous experiments and ab initio calculations are also summarized in Table V . The assignments for the Pb; spectrum are shown in Table VI . As for Sn, , the ground state X( 0: ) is assigned to band a. The assignments of the first four excited bands b, c, d, and fare in excellent agreement with the calculations.'2 In previous emission spectra,3*8 a low-lying state < 5500 cm -' above the ground state was found, which Bondybey and English labeled state A. Later, Balasubramanian and Pitzer suggested l2 that the most probable assignment for this A state is 1,; however, they could not eliminate the assignment ofA (2, ). We assign band b to I,, and find that the molecular constants ( T, and o, ) for band b indicate that it is the one observed in the previous experiment.3 Our results confirm Balasubramanian and Pitzer's tentative assignment of A ( 1, ) , because our measured T, ( 2, ) = 7 120 cm -' is too large for the alternative choice of A (2, ). Based on the assignment of bands a and b, the spin-orbit splitting between the '2; components, 0: and l,, is precisely measured at 5300+80cm-'.Bandfisassignedto 'A,(2,) .
The assignments of bands e and g are less certain, owing to the weak intensities and the lack of vibrational information. From previous spectroscopic studies3 and ab initio calculations,' we tentatively assign bands e and g to B( 0, ) and C( 0: ), respectively. An alternative assignment of '2: (0: ) to band e, however, cannot be ruled out. The intensity of band g is stronger than band e even though the sensitivity could be cut off in this region. The right shoulder of band g may be attributed to the overlap of the C( 0: ) state with a '2: (O,+ ) state, which is predicted to lie 490 cm -' below C( 0: ). l2 Early experiments also detected3*8 the F( 0: > state, and two other unidentified states, D and E. The term energies of the D, E, and Fstates are T, (A) + 13 433, T, (A) + 14 500, and 19 855 cm-', respectively. Ifthe energies of states D and E are calculated using our results for T,(A), then the energy of E( 19 800 cm-') is nearly the same as F. It is likely that states E and Factually correspond to the same state, 0:. Our assignments, along with previous experimental results and ab initio predictions are listed in Table VI . Since neither ab initio calculations nor spectroscopic data have been reported, the state assignments for SnPb are more difficult. However, the SnPb -spectrum is similar to those of Sn; and Pb; , and preliminary assignments can rely upon comparison of the three spectra. Furthermore, we can extract extra information by correlating the low-lying electronic states with the possible dissociation asymptotes. The lowest asymptote 3Po (Sn) + 3P0 (Pb) should correlate to the ground state. The following two lowest asymptotes are 3P, (Sn) + 3Po (Pb) and 'Pz (Sn) + 3P,, (Pb), with energies of 1692 and 3427 cm-'. For the next asymptotes, the Pb atom is in a spin-orbit excited state and the energies are much higher than for the first three asymptotes. Since the observed electronic bands in the SnPb -spectrum are comparable in spacing to those in the Sn, and Pb, spectra, we assume that most of the low-lying electronic states observed in our spectrum correlate to the first three asymptotes (in which the Pb atom is in the ground state).
The assignments of SnPb are given in Table VII . Band a is assigned to the ground state, X 32 -(0 + ) . Unlike the Sn; or Pb; spectrum, band b exhibits an unusual appearance, resembling neither bands a and f nor bands c and d. The magnitude of the bond length of the 38 -( 1) state (band b) lies in between the bond lengths of the broad bands (a and f) and the sharp bands (c and d) (see Table III ). We still assign band b to the 32 - ( 1) the 3a 'l$ configuration significantly mixes with 30 '12 through a spin-orbit interaction between 32 -( 1) and 31T ( 1). This interaction vanishes in the homonuclear diatomics because of the different g and t( symmetries. Bands c and d are assigned to states 311 (2) and 'Il ( 1) with a 30 ' 1 ti configuration. As in the Sn, and Pb, spectra, bands c and d are very sharp and strong; however, the separation between the two bands is much greater in this case. The spin+rbit interaction can also be employed to rationalize this larger splitting. For Sn, and Pb,, two states, 'Ic-(1 ) (band b) and 311,( 1,) (band d), lie relatively cl&e t: one another and no interaction occurs between them. For SnPb, the perturbation of the spin-orbit could cause repulsion between the two R = 1 states (b and d). Consequently, the shift of band d results in the large separation of bands c and d.
The large splitting also reflects the available dissociation asymptotes for the heteronuclear diatomics. For Sn, and Pb, , the dissociation asymptote "PO + 3P, correlates to four electronic states: 0; , 0; , l,, 1,. Both bands b and d are correlated to this asymptote and are assigned to the '8; ( 1, ) and 'II, ( 1 u ) states. In SnPb, "PO + 3P, correlates to two dissociation asymptotes 'PO (Sn) + 3P, (Pb) and 3P, (Sn) + 'PO (Pb), and each asymptote correlates to two electronic states 0 -and 1 (see Table VIII ). Since the 1 state correlated to 'P, (Sn) + 3P,, (Pb) is occupied by the lower state, 'C -( 1) (b band), the 311 ( 1) state (d band) must arise from a higher dissociation asymptote. We assume that "II ( 1) (d band) correlates to the next lowest asymptote 3P2(Sn) +3Po(Pb).The2,0r3n(2)states(cbands)inall three spectra correlate to 3P2 + 3Po or 3P2 (Sn) + 3Po (Pb). Therefore, a qualitative estimate can be made that the band c and d separation for SnPb should be at least 1735 cm -' (the energy difference between the 2nd and 3rd lowest asymptotes) larger than the separations in Sn, and Pb, . The measured separation between bands c and d for SnPb is 3597 cm-'; in comparison, the corresponding separations in Sn, and Pb, are 720 cm -I. Table VIII provides a useful reference for following this discussion.
Band f should have a 30 *11? configuration, as in band a. Unlike the band f assignments of 'A, (2, ) for Sn, and Pb, , the 'Z + (0 + ) state is the only possible assignment for band f, since all the other states correlated to the lowest three asymptotes are filled by the lower energy bands. The appearance of band e is similar to the identically labeled band for Sn,. The obvious assignment for band e is 311(0 -); however, the measured p is negative, implying pr detachment, and incompatible with the above assignment. Thus, a definitive assignment is not attempted for this band. Band g is quite separated from band f, and the angular distribution suggests that band g arises frompodetachment. The possible states are 311 or 'Il (0 + or 1 >, which must correlate to a higher dissociation asymptote (where the Pb atom is in an excited state). Our assignments along with the corresponding dissociation asymptotes are given in Table VII. Comparing the three spectra, we can observe that the spin-orbit splittings between bands a and b are in the order: Sn, < SnPb < Pb,. As expected, the spin-orbit effect increases with the masses of the constituent atomse2' SnPb has an intermediate spin-orbit splitting, suggesting that the Sn and Pb atomic orbital contributions to theprr bonding orbital, where the unpaired electron resides, are of similar magnitude.
V. CONCLUSION
The ultraviolet photoelectron spectra of Sn; , Pb; , and SnPb -have been observed. The spectra show multiple electronic bands which provide abundant information about the low-lying electronic structures of the three neutral dimers. Franck-Condon analyses yield spectroscopic parameters for the anion ground states and the neutral excited states. The adiabatic electron affinities are determined to be EA(Sn,) = 1.962 f 0.010 eV, EA(Pb,) = 1.366 + 0.010 eV, and EA ( SnPb) = 1 S69 + 0.008 eV. The anion dissociation energies are Do (Sn, ) = 2.751 f 0.017 eV and D,, (Pb; ) = 1.86 f 0.03 eV, both of which are significantly larger than those of the neutral dimers. The angular distribution measurements show that the electron kinetic energy de-pendence of the angular distributions is different for pu and pr electron detachment. This measurement, along with the Franck-Condon profiles, provides information about the molecular orbital from which the photoelectron is ejected. Using previous experimental results, ab initio calculations, and the present data, we have assigned most of the observed electronic bands to low-lying electronic states of the neutral species. The present experiment provides an overview of the low-lying electronic states of the group IV heavy metal dimers. In addition, the photoelectron spectrum of SnPbprovides the first spectroscopic investigation of SnPb, and offers spectroscopic data which we hope will inspire new theoretical studies.
